Background/Aims: The association between gestational estimated glomerular filtration rate (eGFR) and adverse pregnancy outcomes has not been fully investigated. Methods: This observational cohort study included pregnancy cases of singleton mothers whose serum creatinine levels were measured during pregnancy at two tertiary hospitals in Korea from 2000 to 2015. Those with identified substantial renal function impairment (eGFR <60 mL/min/1.73 m 2 at baseline, during, or after pregnancy) were excluded. The Chronic Kidney Disease Epidemiology Collaboration equation was used for the eGFR calculation. We computed the time-averaged eGFR during gestation to determine representative values when there were multiple measurements. We studied the following three gestational complications: preterm birth (<37 weeks' gestational age), low birth weight (<2.5 kg), and preeclampsia. Results: Among the 12,899 studied pregnancies, 4,360 cases experienced one or more gestational complications. The adjusted odds ratio (aOR) and 95% confidence interval of composite gestational complications for eGFR ranges other than the reference range of 120-150 mL/ min/1.73m 2 were: ≥150 mL/min/1.73m 2 , aOR 1.64 (1.38-1.95), P<0.001; 90-120 mL/min/1.73m 2 , aOR 1.41 (1.28-1.56), P<0.001; and 60-90 mL/min/1.73m 2 , aOR 2.56 (1.70-3.84), P<0.001. Incidence of preterm birth or low birth weight showed similar U-shaped association with eGFR values; otherwise, preeclampsia or small for gestational age occurred more often in mothers with a lower gestational eGFR than in those with a higher value. Conclusion: Considering the
Introduction
A substantial hemodynamic adaptation process occurs during pregnancy, which is important for safe gestation [1, 2] . When this process is impaired, the risk of obstetric complications increases, and several biomarkers may reflect inappropriate hemodynamic alteration [3] [4] [5] [6] . Considering that the underlying kidney dysfunction is significantly related to a higher incidence of adverse pregnancy outcomes, renal function might play a key role in the mother's hemodynamic adaptation to pregnancy [7] . Therefore, information on the underlying kidney function is valuable for stratifying the mothers' risks. However, the baseline renal status is often not evaluated before pregnancy, although there is a nonnegligible prevalence of early chronic kidney disease (CKD) in childbearing-aged women [8] . In addition, assessment of renal function during pregnancy has not been suggested in current guidelines for antenatal care, as the clinical significance of measured kidney function parameter has yet been well demonstrated in a large cohort [9, 10] .
Previously, to evaluate renal parameters during pregnancy, we focused on midterm hyperfiltration and investigated the estimated glomerular filtration rate (eGFR) in the second trimester and its association with pregnancy outcomes [11] . We demonstrated that a prominent non-linear, U-shaped association exists between midterm eGFR and gestational complications, and the optimal midterm eGFR range was 120-150 mL/min/1.73 m 2 using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) method [12] . However, the serum creatinine (sCr) level was measured in only a small portion of mothers during their second trimester; therefore, selection bias was possible.
In this study, we further expanded our previous idea by screening all mothers whose sCr/eGFR was measured during pregnancy. We evaluated the association between eGFR during the gestation period and adverse pregnancy outcomes, using the time-averaged eGFR (TA-eGFR) level to integrate multiple values that were measured during pregnancy.
Materials and Methods

Ethics statement
The study was approved by the institutional review boards of Seoul National University Hospital and Bundang Seoul National University Hospital (H-1604-028-753) and performed according to the principles of the Declaration of Helsinki. Informed consent was waived because this was an observational cohort study without medical interventions.
Study population
We screened all pregnancy records of singleton mothers who delivered between 2000 and 2015 and whose sCr levels were measured during pregnancy. Additionally, we did not include pregnancy cases of mothers with substantially impaired renal function (i.e., when any measured eGFR less than 60 mL/ min/1.73 m 2 at baseline, during, or after pregnancy was identified). Furthermore, pregnancies with unknown estimated conception date (subtracting the born child's gestational age from the delivery date) were excluded, as we could not confirm the pregnancy period.
Data collection
We collected data on clinical characteristics by retrospectively reviewing the participants' electronic health records. We collected data on age, height, baseline weight and weight change until delivery, body mass index (BMI), and history of hypertension or diabetes mellitus. We also collected data on the following pregnancy characteristics: history of full-term and preterm birth, miscarriage/still birth history, the born child's birth weight and gestational age, and delivery method (cesarean or vaginal).
All sCr values that were included in the study were measured at each hospital's laboratory facilities (Roche Diagnostics) and recalibrated into an isotope-dilution mass spectrometry assay value. We used the CKD-EPI equation to calculate the eGFR values, which was also validated in the nation [12, 13] . The participants' blood pressure levels were measured upon admission for delivery, and dipstick urine albumin test results were collected before and during pregnancy.
To determine the underlying kidney function, we defined the baseline kidney function period as between 3 years from the delivery date and before the estimated conception date. The baseline kidney function was stratified among mothers with both eGFR and albuminuria test results that were available at the baseline period. Because we included pregnancies of mothers with eGFR greater than or equal to 60 mL/min/1.73 m 2 , those without baseline albuminuria results were classified as mothers without evidence of underlying CKD, and others were considered to have baseline CKD [14] .
Outcome measurement
We collected data on preterm birth events, low birth weight, small for gestational age (SGA), and preeclampsia as adverse pregnancy outcomes, and the composite outcome was also analyzed. We followed the definition of the International Classification of Diseases, 10th Revision (ICD-10). Preterm birth was defined as gestational age less than 37 weeks at delivery, and we further stratified the birth periods as moderate-tolate preterm birth (gestational age ≥32 weeks and <37 weeks) and very preterm birth (gestational age ≥28 weeks and <32 weeks) [15, 16] . Low birth weight and very low birth weight were defined as the born child's birth weight of less than 2.5 kg and less than 1.5 kg, respectively. SGA was classified as a newborn with birth weight below the 10th percentile of sex-specific birth weight for gestational age. Preeclampsia events were confirmed based on the attending obstetricians' diagnoses.
Statistical analysis
We reported categorical variables as frequencies (percentages) and used chi-squared test to evaluate differences between subgroups. We reported continuous variables as the median (interquartile range) and used Kruskal-Wallis's test to assess between-group differences, because the continuous variables were not normally distributed according to Shapiro-Wilk's normality test.
We plotted the association between TA-eGFR and risk of gestational complications with generalized additive models, using the outcome as a binomial variable and eGFR as the explanatory variable. Univariable and multivariable logistic regression model analyses were performed using the subgroup with the lowest incidence of each adverse pregnancy outcome as the reference. In our multivariable analysis, the following variables were adjusted: age, baseline BMI, weight gain during pregnancy, multiparity, preterm birth history, hypertension or diabetes mellitus history, and presence of hypertension during pregnancy or gestational diabetes mellitus. Hypertension during pregnancy was not adjusted for preeclampsia outcomes because preeclampsia itself is a gestational hypertensive disorder. Multivariate imputation using a classification and regression tree method was performed using the "mice" package in R to impute missing data for the baseline BMI (3, 146 cases) and weight gain intra-gestation (2, 594 cases).
We performed a multivariable receiver operating characteristic (ROC) curve analysis. We tested whether the area under the curve (AUC) significantly increased when we added a risk score that was calculated by eGFR ranges, using the "pROC" package in R. The risk scores were considered to increase one point from the lowest risk subgroup of each gestational complication to the high-risk subgroups. Other variables that were included in the ROC curve analysis were age; baseline BMI and weight gain during gestation; multiparity; history of preterm birth, hypertension, or diabetes mellitus; and gestational hypertension and diabetes mellitus. Similarly as above, gestational hypertension was excluded from the analysis of preeclampsia.
All statistical analyses were performed using R (version 3.4.0, the R foundation), and a two-sided P-value <0.05 indicated statistical significance.
Results
Study population
There were 13,552 singleton-delivery cases of women whose sCr levels were measured during pregnancy (Fig. 1) . Those whose estimated conception date was unavailable (n=567) were excluded. We additionally excluded pregnancies of women with substantially impaired renal function (n=86), as they included pregnancies during dialysis or severe AKI events and showed extreme incidences of gestational complications [ 
Clinical and pregnancy characteristics
We identified several differences in the characteristics between the study subgroups ( Table 1) . Those who had a TAeGFR level ≥150 mL/min/1.73 m 2 were the youngest, and they had the lowest baseline BMI and weight gain during pregnancy. They were more likely to be primiparous and experienced fewer obstetric complications than other groups. Preexisting hypertension , and the prevalence decreased as the mothers' TA-eGFRs rose (P<0.001). This trend was similar for hypertension during pregnancy, systolic and diastolic blood pressures, and gestational diabetes. The baseline eGFR values were similar to those of gestational TAeGFR, and an increase of the median eGFR from baseline appeared in pregnancies in all subgroups, except for pregnancies with TA-eGFR of 60-90 mL/min/1.73 m 2 . The eGFR was most commonly measured once (n=8, 977, 69.6%); otherwise, the sCr/eGFR was measured twice or more in 2, 226 (17.2%) and 1, 656 (12.8%) cases, respectively.
Maternal and fetal outcomes according to gestational eGFR ranges
We investigated the association between TA-eGFR during gestation and adverse pregnancy outcomes, including preterm birth, low birth weight, SGA, preeclampsia, and these four features combined ( Table 2 ). The lowest incidence of composite gestational complications was found in those with a TA-eGFR range of 120-150 mL/min/1.73 m Table S1 ) (for all supplementary material see www.karger.com/doi/10.1159/000494746). Furthermore, when we plotted this association, a prominent non-linear, U-shaped association was shown between the TA-eGFR and composite pregnancy outcomes, as well as with preterm birth and low birth weight (Fig. 2) . However, the risk of SGA or preeclampsia was inversely associated with gestational TA-eGFR. When we assessed the relationship between TA-eGFR and gestational complications in 10,937 pregnancies without underlying hypertension or diabetes mellitus, similar association was shown (Supplementary Fig. S1 ).
This association remained significant in the multivariable logistic regression analysis (Table 3) . Moreover, when we divided our study population by TA-eGFR range of 15 mL/ min/1.73 m 2 , pregnancies with a TA-eGFR level of 120-135 mL/min/1.73 m 2 had the lowest risk of preterm birth or low birth weight. Otherwise, the SGA and preeclampsia risks were increased in all pregnancy cases with lower TA-eGFR than in those with higher values (Supplementary Table S2) .
Then, we analyzed eGFR levels in each trimester and considered the peak eGFR at each trimester as the representative level. When we analyzed 1,448 pregnancy cases with known first-trimester eGFR value, there was no significant association in the divided subgroups (Supplementary Table S3 ). However, the peak eGFR in the second trimester and that in the third trimester had almost the same association with our analysis with TA-eGFR values (Supplementary Tables S4 and S5 ). This unique association was not seen when subgroups were defined based on the available baseline eGFR ranges (Supplementary Table S6 ). Fig. 2 . Association between gestational eGFR and gestational complications. Generalized additive models demonstrating the relationship between the time-averaged gestational eGFR and the risk of adverse pregnancy outcomes, including (clockwise from the top left corner): composite, preterm, low birth weight, small for gestational age and preeclampsia. The dotted lines indicate the 95% confidence intervals of the estimated probability for each adverse pregnancy outcome. eGFR: estimated glomerular filtration rate. Table 3 . Risk of adverse pregnancy outcomes according to time-averaged eGFR during gestation. OR, Odds ratio, CI, Confidence interval, eGFR, estimated glomerular filtration rate. a Adjusted with age, both body mass indexes at baseline, weight gain during pregnancy, multiparity, previous history of preterm birth, history of hypertension, diabetes mellitus, presence of hypertension during pregnancy, gestational diabetes mellitus. Missing value imputation by classification and regression trees method was performed to impute missing data in baseline body mass index (3146 cases), weight gain during gestation (2594 cases).
b Hypertension during gestation was not adjusted in the multivariable model for preeclampsia risk, as preeclampsia itself was a hypertensive disorder
Role of eGFR in predicting gestational complications
We attempted to determine whether TA-eGFR information could enhance the predictability of the multivariable ROC curve model for gestational complications, and we constructed the models with and without adding the risk scores that were calculated using the TA-eGFR ranges (Fig, 3) . Although the absolute increase of the AUC was small, adding the TA-eGFR risk scores to the model significantly increased its predictability for each adverse outcome.
Change in eGFR and its association with pregnancy outcomes
Underlying CKD was strongly associated with an increased risk of gestational complications when we investigated pregnancies of mothers with known eGFR and urinalysis results before gestation (n=2, 341) (Table 4) . Furthermore, albuminuria was more commonly identified in those with baseline CKD than in those without.
Moreover, given the limited number of mothers with baseline renal function, we included all pregnancy cases of mothers with known baseline eGFR (n=2, 875). The median baseline eGFR was 120.1 (113.5-127.4) mL/min/1.73 m 2 , and we analyzed the relative eGFR change from baseline to the time-averaged gestation level ( Table 5 ). The most frequent change in the CKD-EPI eGFR level was 5% to 15% from baseline (n=1, 099). Similarly, the incidence of preterm birth or low birth weight was low in pregnancies of women with mild eGFR elevation and increased in those with a higher eGFR elevation or eGFR decrease, although this result did not reach statistical significance in terms of preterm birth. The incidence of preeclampsia was higher in those with less eGFR increase, but the overall incidence of this outcome was small. 
Discussion
We found that the gestational eGFR levels were significantly associated with adverse pregnancy outcomes. A distinctive U-shaped relationship between eGFR and preterm birth or low birth weight was identified in a larger cohort than the one used in our previous study. The optimal gestational eGFR range in our study was 120-150 or, specifically, 120-135 mL/min/1.73 m 2 . However, preeclampsia or SGA was much more common in those with lower eGFR values during pregnancy than in those with a high eGFR value. Consequently, we demonstrated that adding the gestational eGFR to a multivariable model improved its predictability.
The importance of appropriate hemodynamic adaptation during pregnancy for safe birth has been widely recognized [1] . Previously studied biomarkers that predicted worse pregnancy prognosis were also linked to this process. [3] [4] [5] [6] . Mild renal impairment would cause inappropriate regulation of gestational adaptation to volume and vascular pressure change, resulting in obstetric complications. Therefore, renal function during gestation is important for predicting gestational outcome [7, 17] . However, the interpretation of Table 5 . Subgroups divided by eGFR change from baseline and their incidence of gestational complications 5%≤ ≤ +15%≤
Park et al.: Pregnancy Complications and Gestational eGFR
commonly measured renal function parameters during pregnancy is challenging because laboratory indicators are altered due to gestational hyperfiltration, and the renal function is not assessed in many mothers before they become pregnant [1, 18] . We previously reported the unique association between midterm eGFR and gestational outcomes, but that study only included mothers whose eGFR levels were measured during their second trimester [11] . The current study further suggests the clinical importance of gestational eGFR levels and provides evidence for appropriate interpretation of values. Furthermore, we also demonstrated that this association was replicated even in women without two well-known comorbidities related to renal hyperfiltration, diabetes mellitus, and hypertension. The eGFR levels during pregnancy showed that there was a prominent U-shaped association with preterm birth and low birth weight. Some mothers with lower eGFR levels might have had reduced kidney function (e.g., <60-90 mL/min/1.73 m 2 ) before gestation because an increased eGFR occurs during pregnancy. Therefore, the baseline renal impairment and consequent inappropriate hemodynamic adaptation may have accounted for the increased risk of gestational complications.
For those with extremely high eGFR levels (e.g., ≥150 mL/min/1.73 m 2 ), the high odds for developing preterm birth or low birth weight could be explained by several reasons. First, early CKD, in which an adaptive eGFR increase occurs, is a strong risk factor for worse pregnancy prognosis [7, 17] . Some mothers with a gestational eGFR ≥150 mL/min/1.73 m 2 might have early CKD with even more right-shifted eGFR levels and therefore experience more gestational complications. Second, over-hyperfiltration may indicate maladaptation to physiologic changes during pregnancy. Because the sCr levels are largely affected by volume, women with inappropriate hypervolemia would have high eGFR values. The function of the kidney may determine the hemodynamic reservoir during pregnancy, and extreme eGFR values may be related to the presence of a reduced baseline reservoir, leading to an inappropriately regulated volume state [19] . Lastly, because we used sCr-based eGFR levels, multiple factors that are related to the sCr levels should be considered [20, 21] . A supranormal eGFR or low sCr level could have been associated with poor dietary protein intake or low muscle mass, which may be also linked to worse gestational outcomes [20, 21] . Although we attempted to control these confounding effect by adjusting the baseline BMI and weight change during pregnancy, our finding that low birth weight was common in those with higher eGFR values might be attributed to the idea that outcomes would be more prevalent in small mothers who would have lower sCr values.
For preeclampsia or SGA outcomes, the association between gestational eGFR and the odds for developing adverse events were different from those above because the risk of preeclampsia or SGA was significantly increased in those with lower eGFR levels than in those with higher levels. This may be because preeclampsia is defined by criteria that include increases in sCr value [22] . Therefore, many mothers with ongoing kidney injury that was confirmed by increases in sCr level would have been diagnosed with preeclampsia. In addition, when we accept the above hypothesis that high eGFR levels were associated with volume expansion, the preeclampsia risk may not be increased in the subgroup with low eGFR because the disease is mostly associated with depleted maternal volume [23, 24] . Moreover, as preterm birth was more common in mothers with higher eGFR values, they are less likely to have SGA outcomes, although the baby's birth weight was small because of their low gestational age.
The peak eGFR levels during the first trimester were not significantly associated with pregnancy outcomes. This period may be too early to assess the hemodynamic adaptation pattern that eGFR represents because gestational hyperfiltration develops in this trimester [1] . The clinical significance of the second-trimester eGFR suggests the possible usefulness of measuring renal function in mid-pregnancy, but the predictive value of an earlier assessment warrants further study.
The following limitations of our study should be considered. First, selection bias was not eliminated because mothers who had their kidney function measurement might have other ongoing medical reasons or complications for the examination. In addition, many mothers gave birth in our hospitals, which were tertiary referral centers, because of the presence of other risk factors (e.g. old age, coexisting comorbidities, or previous adverse pregnancy outcomes history). Additional studies should assess whether our result could be similarly applied to normal risk mothers, with a general screening measurement of renal function. Second, the CKD-EPI eGFR is not a gold-standard method to measure renal function during gestation. However, our method is beneficial compared with other widely used equations in population with an eGFR ≥60 mL/min/1.73 m 2 , and extreme overestimation with a low sCr level was less frequently shown with the CKD-EPI method [12, [25] [26] [27] . Moreover, besides its accuracy in reflecting the actual GFR, its value as an easily measured biomarker, significantly related to gestational outcomes, should be considered. Third, different definitions for gestational complications have been implemented among literatures, which should be considered when interpreting our study [28] . Still, although partial differences according to applied criteria may have existed, we believe the overall association will remain similar considering the general tendency of our study results. Fourth, we could not robustly study the significance of the eGFR changes from baseline through pregnancy because of limited availability. Additional studies with routine sCr/eGFR measurement before and after pregnancy may reveal the association between pregnancy outcomes and alterations of renal parameters. Lastly, the TA-eGFR was used to represent the eGFR level during gestation; however, the sCr/eGFR was measured only once in most mothers during the third trimester. A study with multiple eGFR measurements in a certain time interval may confirm our results.
Conclusion
Gestational eGFR had a unique association with obstetric complications. Appropriately interpreting gestational eGFR levels may help predict gestational complications in mothers. Furthermore, clinicians may consider kidney function measurement during pregnancy to assess ones' risk for adverse pregnancy outcomes. A future prospective study of normal risk mothers to test the predictive value of kidney function parameter is warranted.
